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Summary:
When L-band radio waves of space-based radio navigation systems such as Global
Positioning System (GPS) travel through the atmosphere and ionosphere, their ray paths
are bent and their travel time are increased as a result of refractive-index gradients. As
the ionosphere is a dispersive medium the two GPS frequencies are subject to dierent
delays in time and modications in amplitude, phase and polarisation which is an eect
of free electrons. By using these two radio frequencies one can derive information about
the Total Electron Content integrated along the ray path. After calibration, these data
are included into the tomographic reconstruction. The tomographic methode presented
in this paper works on algebraic iterative methodes like SART and MART. Calculations
are based on International GPS Service (IGS) ground received data. Space-based GPS is
provided by LEO (Low Earth Orbiter) satellites like CHAMP. By means of incorporating
such occultation data into tomography an improvement of reconstruction of the vertical
structure of the electron density is expected. First conrming interpretations of a selected
occulation event are presented in this paper. It is shown, that space-based GPS data can
improve tomographic results mainly in middle to lower altitudes of the ionosphere.
Zusammenfassung:
Wenn sich Radiowellen eines Navigationssystemes, wie das des Global Positioning
Systems (GPS), in der Atmosphare und Ionosphare ausbreiten, erfahren sie eine Beugung
des Strahlweges und eine Erhohung der Laufzeit aufgrund der Gradienten des atmo-
spharischen Refraktionsindexes. Da die Ionosphare ein dispersives Medium darstellt,
unterliegen beide GPS-Frequenzen dort unterschiedlichen Storungen in Laufzeit und
Veranderungen in Amplitude, Phase und Polarisation, was auf die Eekt der freien Elek-
tronen zuruckzufuhren ist. Unter der Verwendung der beiden Radiofrequenzen kann man
Informationen uber die Anzahl der uber den Strahlweg integrierten Elektronen erhalten.
Nach der Kalibrierung dieser Daten, konnen sie zur tomographischen Rekonstruktion
verwendet werden. Die hier vorgestellte Tomographie verwendet algebraisch iterative
Methoden, wie SART und MART. Die tomographischen Berechnungen bauen auf bo-
dengestutzte GPS-Daten des International GPS Services (IGS) und satellitengestutzten
GPS-Daten von LEO (Low earth orbiter) Satelliten wie CHAMP auf. Durch die
Intergration von Okkultationsdaten in die Tomographie wird eine Verbesserung der
Rekonstruktion der vertikalen Struktur der Elektronendichte erwartet. Erste bestatigende
Interpretationen eines ausgewahlten Okkultationsereignisses werden in diesem Artikel
vorgefuhrt. Es wird gezeigt, dass satellitengestutzte GPS-Daten die tomographischen
Ergebnisse vorallem in der mittleren und unteren Ionosphare verbessern konnen.
1. Introduction
When radio waves traverse the atmosphere they are subjcet to dierent distur-
bances along their ray paths. The rays are bent due to gradients of atmospheric
parameters. Radiooccultations can be used to derive pressure and temperature proles of
the neutral atmosphere (Kursinski et al.,1997). The refractive index prole used for this
task is deduced from the angle of deection by the Abel inversion. For these calculations
and also for the well known application on navigation of GPS it is crucial to know the
positions of the satellites very precisely. These information also carried by radio waves
are disturbed by free electrons in the ionosphere and plasmasphere. Therefore it is
important to perform ionospheric corrections to GPS measurements. Three-dimensional
electron density maps could be very useful for it. The dispersivity of plasma induced
disturbances on radio waves plays a crucial role for GPS based ionospheric research.
From bifrequent measurements of GPS the integrated Total Electron Content (TEC)
along the ray path can be derived. After calibration TEC can be used for tomographic
reconstructions of the electron density pattern.
Radio tomography with ionospheric applications has been investigated and tested by
several scientists, e.g., by Pryse and Kersley,1995, Raymund et al.,1993, Walker et al.,
1996 and Nygren et al., 1996. Because of the sporadic and sparse distribution of the
GPS links an algebraic iterativ method of tomography has been used for this work.
An operating tomography working on ground-based GPS from IGS (International GPS
Service) is developed by introducing space-based GPS received by LEO-satellites such
as CHAMP. Typical constellations of an occultation event are schematically shown in
Fig.1. By including these data we expect better insight the recontruction of the vertical
electron density pattern. It is shown that this can be successful mainly at altitudes below
500 km.
Figure 1: Typical constellation for an occultation event. When CHAMP sets below the horizon refered
to the GPS satellite, it samples data scanning vertically though the atmosphere. The radiowaves are
disturbed while entering the atmosphere. Referencing GPS are necessary for synchronisation clock errors
on the satellites.
2. GPS Observation equation and calibration of the measurements
The observation of GPS radio waves can be expressed in terms of pseudo ranges.
That means travel time of the signal between transmitter and receiver is described as the
way which light propagates during that periode. It is composed of the real distance from
transmitter to receiver (propagation at light velocity c, that means without disturbances)
plus the error components. Measurements are taken of the carrier phase L and the code
phase P, see also RAKO, 1996 :
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Since GPS is a bifrequent measurement with frequencies f
1
=1575.45 MHz and f
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=1227.6
MHz (i=1,2 in Equ.1 and 2) we draw attention to dispersive and non-dispersive terms.
The dispersive eects are:
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and the non-dispersive eects are described by:
R
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: real distance between transmitter and receiver,
c  [dt  dT ]: clock synchronisation error of transmitter and receiver,
dtrop: neutral atmospheric path error.
Two measurements dierent in frequency can be substracted, once for the carrier, once
for the code phase. By doing this, the frequency-independent terms are eliminated and
we obtain following formulations:
L
1
 L
2
cst
= TEC +

i
N
i
 E
 
L
i
cst
,
P
2
 P
1
cst
= TEC +
E
 
P
i
cst
,
with dion = 40:3 
TEC
f
2
and cst = 40:3 
f
2
1
 f
2
2
f
2
1
f
2
2
.
The resulting terms are displayed in Fig.2. Here the CHAMP occultation data for 2001,
April 28
th
at 22.15 UTC are shown. The upper curve shows the code phase. It is very
noisy, multipath eects are important, but exept for the instrumental bias the relative
TEC is non-ambiguous. The lower curve represents the carrier phase readings. Here,
noise is low, but the signal is ambiguous. That means cycle slips can occur after losses
of lock.
To apply absolute TEC it is necessary to calibrate the data. The low noise carrier phase
is at topical intrest. But since this parameter tends to ambiguouities we prot from the
non-ambiguous code phase for correction. The calibration is mainly computed according
to Blewitt, 1996. This method has been developed for ground-based GPS and adapted
for occultation application.
Figure 2: CHAMP occultation for 2001, April 28
th
at 22.15 UTC before calibration. The lower curve
represents the low noise, ambiguous carrier phase and the upper curve the noisy code phase measurements
The calibration procedure can mainly be described as follows:
 Search for cycle slips. So called connected arcs without detected cycle slips are built.
Arcs with less than 8 data points are rejected because trends can only be rebuilt
with more data,
 If the cycle slip is dened as rectiable, the following arc is leveled to the trend of
the precedent one,
 In the frame of the nally obtained connected arcs the median values of the carrier
and code phase measurements are calculated and the carrier phase series are shifted
into the mean trend of the code phase series. We only left with the shifted, low
noise carrier phase measurement,
 Finally the TEC values are corrected for the instrumental bias which is determined
by a separate procedure.
The absolut TEC values can now be included in tomographic reconstructions.
3. Tomography and its application for ionospheric research
The integrated TEC measured by GPS along the ray path of the radio wave can
be used to reconstruct electron density structures of the ionosphere by tomographic
inversion. Thereby attention is drawn to the intersections of the line integrals through
the observed medium. Fits of physical parameters of the medium are done in comparision
with the inverted values of the integrals at the intersection points.
Dierent methods of tomography have been applied for ionospheric reconstruction such
as algebraic iterative methods like SART, SIRT or MART (Austen et al., 1988, Raymund
et al., 1990), the maximum entropy method (Pakula et al.,1995) and stochastic inversion
(Nygren et al.,1997).
Since in our case the GPS ray distribution is sporadic and therefore an underdetermined
problem is posed algebraic iterative methodes are used in this work. Primary values of
the electron density are calculated by the ionospheric model IRI 2001 (Bilitza, 1990).
During iteration correction terms are calculated on the density values until a satisfactory
stop criterion is met.
In short, the algorithm can be described as follows:
The line integral TEC of the measurements characterises the tomographic equation:
TEC =
Z
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where N
e
is the electron density and l the length of the ray. The discrete equation
following the i rays and the j three-dimensional voxels, in which the tomographic area is
devided, can be expressed by
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The iterative process begins with a modeled start condition for the electron density:
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A rst TEC value is estimated by using model densities and the dierence between the
measurements, and the simulated value is calculated:
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The dierence is applied to determine a correction term for the electron densities of each
voxel. Afterwards, corrections are summed (SART) or multiplied (MART) ray-by-ray
and nally weighted over all rays in one voxel:
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the additive or respectivly the multiplicative correction term for the
voxel's electron density value. Both algorithm can be used in our version of tomography.
For this paper we dicided for MART.
The iteration is stopped after a certain user dened value of TEC
n
i
is reached or until
a certain number of steps has been done. Furthermore a smoothing algorithm is applied
in intervalls during the iteration.
In our work we make use of the TEC sampled by IGS ground receivers. Advantages are
found in continuous measurements and in the widespread distribution of receivers over
Europe (see Fig.3). However, a disadvantage is the relativly sparse number of ground
receivers compared to the three-dimensional volume that has to be treated by inversion.
Therefore additional data of TEC maps (Jakowski, 1996) have been included. Maps
Figure 3: Ray density for July 29
th
, 2000, at 13.10 UT. Data from IGS network ground receivers and
CHAMP within the tomographic region are shown. Tomography is possible because of the intersections
of rays.
are produced at the DLR Neustrelitz with IGS received GPS as input data and provide
calculated values of vertical TEC over Europe. From these analyses virtual vertical rays
through the investigated region are drawn. TEC maps are available every hour and are
used whenever processing time allows to. Another tool is now available by space-based
GPS data from the CHAMP LEO-Satellite which is governed by the GFZ Potsdam.
Atmospheric sounding possibilities onboard CHAMP are discribed by Jakowski et al.,
1998. Usefull information that can be derived from CHAMP data are described in
Section 4.
Fig.3 gives an impression of the data situation on July 29th, 2000, at 13.10 UT.
Our tomographic region is situated over Europe (-20
Æ
E-40
Æ
W/32.5
Æ
S-70
Æ
N/80-1000km
height). We chose this region because of the relativly high density of IGS-GPS receivers.
Therefore the resolution can be taken suÆciently high to allow investigations of medium
scale ionospheric events, too. All ground-based IGS data available at this time are shown.
Here CHAMP presently situated in the nothern part of Europe received signals from two
satellites at this moment.
4. First results of including space-based GPS to tomography
For ground-based tomography ionospheric scenarios have been simulated by using
IGS receiver data and vertical TEC from TEC maps (see also Stolle et al, 2001).
Detailed results will soon be published in the thesis of S. Schluter.
Developing the tomographic program, IRI 2001 as electron density starting condition
Figure 4: Schematic view of the tomographic ray situation. By combining ground and space-based
GPS, information on the horizontal and vertical distribution of electrons in the ionosphere are gathered.
for iteration has been combined with the plasmaspheric model of Gallagher (2000).
Hereby the electron density of the upper ionosphere can be initialized more realistically.
Since the GPS transmitter are located at heights of about 20000 km, the measured
TEC values are also aected by the plasmaspheric electron content above 1000 km.
Plasmasphere/ionosphere ratio of the TEC measurements can dier from 0% to 60%
depending on latitude and time. So measurements are corrected by the combined
IRI/Gallagher model for the plasmaspheric portion.
By including satellite received GPS-data we expect better insight into the reconstruction
of the vertical electron density structure. The geometric situation is schematically
shown in Fig.4, where ground-based data are combined with space-based GPS. Since
the ground receivers are well distributed over the tomographic region they can provide
adequate information about the horizontal electron density distribution over this area.
However it has to be noted that the elevation angle is cut o at about 20
Æ
because the
signal-to-noise ratio becomes too bad below this angle. Therefore vertical information get
lost in most part since the received data are integrated along the quasi-vertical ray paths.
This gap can be lled by space-based GPS. Here the data are even though integrated
horizontally, which scans vertically through the ionosphere during an occultation event.
The occultation time for CHAMP takes about 5-10 minutes and can be fully integrated
in tomographic runs. Since the orbital height of CHAMP is about 450 km we can receive
data at and below this altitude.
A preliminary test of including CHAMP data has been done for April 27
th
, 2001, at
12.37 UT. The location of interesting rays of the used occultation event are displayed in
Fig.5. The occultation is directed nearly from north to south and the mean occultation
point is 4.39
Æ
W / 54.6
Æ
N. Here ray paths from CHAMP are considered up to a height of
1000 km. Plasmaspheric inuences on TEC are corrected as mentioned above. CHAMP
has been used additionally to the ground received GPS available at this time. To include
all rays of this event the tomographic area has been extended in latitude from 32
Æ
- 70
Æ
N
to 25
Æ
- 80
Æ
N. For the processed time a prole of the Juliusruh (13.4
Æ
E,54.6
Æ
N) ionosonde
is available and is taken as independent validating data. Electron density determination
Figure 5: Occultation event for April, 27
th
2001 at 12.37 UT. Solide lines represent the bounderies of
the tomographic region.
derived from sended and received frequencies by the ionosonde is very precise. Electron
density layer heights can here be determined within an accuracy of 5 km.
At the nearest grid point of tomography from Juliusruh (12.5
Æ
E,53.75
Æ
N) proles have
been drawn in Fig.6 without and with included CHAMP data. The algorithm used here is
MART. The iteration has been optimized to 200 steps and smoothing has been performed
after every 40
th
step. The solid line represents the tomographic result, the dashed line the
ionosonde's prole and the dashed-dotted line the combined IRI/Gallagher initial model.
This test of inculding CHAMP data allows some rst interpretation of how space-based
GPS can aect tomography. The electron density maximum has been measured by
the ionosonde at a height of 306.6 km with N
e
=1.31*10
12
m
 3
. The starting model
underestimated this peak with N
e
= 9.9*10
11
m
 3
at 315 km altitude. This value has
been corrected during tomographic iteration to N
e
=1.24*10
12
m
 3
without including LEO
GPS and to N
e
=1.29*10
12
m
 3
by including CHAMP data. An improvment of about
5*10
11
m
 3
, so about 70% regarding the peak, had been reached by including space-based
data. The resulting peak altitude is about 315 km for both calculations. That shows
that algebraic iterative tomography is strongly dependent on the input model. For this
underestimated prpblem, test runs up to 1000 iteration steps (not shown here) have been
done where the resulting peak height varies only slightly. Furthermore it can be seen in
both plots that tomography produces a prole what is slighty shifted to higher altitudes.
For further comparisons the dierence of the tomographic reconstruction and the
ionosonde prole is shown in Fig.7. As before, it can be seen that the prole including
CHAMP is closer to the ionosonde peak than the one without CHAMP. An improvement
at the ionospheric bottom side is also visible.
(a) (b)
Figure 6: Electron density proles of the Juliusruh ionosonde, of tomographic reconstruction and the
input model. (a) without included CHAMP data and (b) with included CHAMP data in tomographic
reconstructions for April, 27
th
2001 at 12.37 UT.
Figure 7: Tomographic electron density values has been subtracted from the ionosonde prole. The
plot shows deviations between them.
Just beneath the F2 peak and about 200 km above it important deviations from the
ionosonde data occur. These are found at the altitudes where the electron density
gradient is rather at and therefore only slight vertical displacements of the prole
result in important electron density dierences in relation to a certain height. This
error is much better corrected with N
e
=5*10
11
m
 3
at altitudes of 250 km than with
N
e
=0.5*10
11
m
 3
at higher altitudes of 500 km. This can be explained by the orbital
height of CHAMP of about 400 km. So only the voxel electron density below that
altitude can be directly aected by these GPS. Corrections by CHAMP data above
the orbital height are realised by smoothing within neigbouring voxels. This behaviour
also explains why the two curves join rapidly in heights above 500 km. Note also that
ionosonde proles above the electron density peak are rough estimations. So we can use
ionosondes as a good validation for bottom side proles only.
In E-layer heights of about 100 km another small deviation of about 0.4*10
11
m
 3
of
electron density appear. Referring to Fig.6 we can see that tomography rebuilds a small
E-layer maximum while it is not found in the ionosonde reference. Even if the input
model does not predict an E-layer, iteration corrects it to a local maximum. Comparing
to the CHAMP proling at the occultation point (not shown here), where only CHAMP
data is taken as input an E-layer maximum is also calculated. But this dierence to the
ionosonde doesn't seem to be connected to the supplementary space-based GPS since it
is also developed by pure ground-based tomography.
These are observations derived from the comparison of one tomographic scenario
including an occultation event. Of course in future more events have to be calculated to
obtain more reliable results for statistics and detailed information how space-based GPS
data can improve tomography.
5. Conclusions and outlook
In this paper it has been shortly discribed how ground and space-based GPS can
be used to investigate the ionosphere. Tomography and its application to ionospheric
research has also been presented. There are several tomographic methods that have been
applied by dierent scientists. In this work we decided in favour for algebraic iterative
methods such as MART since our tomographic problem is underdetermined. Problems
with a limited computer memory caused by large matix inversions can be solved by the
ray-by-ray iterations, applied by MART, too. Furthermore, parallel processing is possible
using these algorithm. It has been noted that algebraic iterative tomography depends on
the input model.
A test of including space-based GPS data from the CHAMP satellite has been presented
for April 27
th
, 2001. Here we used the MART algorithm for the three-dimensional
reconstruction. To validate tomographic results we used data of the Juliusruh ionosonde
and therefore a prole has been drawn from tomography near the ionosonde. It could be
shown that data from LEO satellits improve tomography most notably in the bottom side
of the ionosphere. Improvements of 75% in relation to the pure ground-based calculations
can be obtained for this tomographic run. These eects are mainly limited to the height
of ight of the LEO satellite because occultation data are only available below that
altitude. Notable improvement has been gained in reconstructing the electron density
peak at the F2-layer. The electron density value agrees well well with the ionosonde
measurement by including CHAMP data.
Nevertheless, it has to be mentioned that for statistics about space-based tomography
and statements about the eect of including LEO satellite data in GPS tomography more
events have to be reconstructed. Therefore, the aim of future work will be to include
selected occultation events into tomography and to validate the tomographic results with
independent measurements.
An interesting application of three-dimensional tomography could be the reconstruction of
ionospheric events such as travelling ionospheric disturbances or magnetospheric storms.
Since the ratio of the neutral and charged particles is lower than 1%, the neutral gas
governs in an important way the movement of the electrons and ions. Therefore it is also
of interest to use the tomographic results to investigate ionospheric signals of atmospheric
waves and so help to better understand the connection of the lower and upper atmosphere.
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